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Problems and effects of stabilizing combustion and detonation against hypersonic flow 
were investigated by observation of a 20 millimeter spherical missile in a stoichiometric 
mixture of hydrogen and air at rest. Combustion produced detectable effects on the shape 
and position of the shock wave at Mach numbers between 4 and 6.5, and above pressures 
of one-tenth atmosphere. Chemical equilibrium probably was not reached in the time the 
gas spent near the front of the sphere. One of the factors in the delayed equilibrium was 
delayed ignition behind the shock wave, which was observed to be between about one and 
ten microseconds. Ignition delay is explained in terms of chemical kinetic theory and 
compared with results of experiments in shock tubes. Strong combustion-driven oscillations 
originated in front of the sphere, with frequencies up to about one-tenth megacycle per 
second. These were observed when the Mach luunber was less than 6 at a pressure of one- 
half atmosphere^ and less than 5 at one-quarter atmosphere. A large reduction of the drag 
coefficient of the missile was noted in one case of intermittent combustion. 



1. Introduction 

Combustion in Jiypersonic streams is of consider- 
able theoretical interest, and has a possible apphca- 
tion in propulsion of missiles and aircraft. Applica- 
tion would require a knowledge of the problems of 
stabilizing the combustion against hypersonic flow. 
Recently some information has become available 
through the research of Gross [1]^ on shock-induced 
detonations stabilized on a wedge. Nicholls et al., 
[2] studied combustion behind a normal shock wave 
in a free jet. These experiments were limited in 
range by problems encountered in generating streams 
of gas having a realistically high total temperature. 
In addition, the results may have been hifiuenced by 
the methods used in mixing the fuel and air. 

It appeared that these problems could be avoided 
by using a hypervelocity missile in a combustible gas 
at rest. This report presents the initial results 
obtained from a study of combustion near a missile 
in a mixture of 30 percent by volume of hydrogen in 
air. Hydrogen was chosen because a substantial 
theory exists on its combustion, and because it may 
be useful in propulsion systems. Wave shape and 
position were studied by high speed photography to 
determine the conditions required to induce combus- 
tion, and to determine the effect of the missile on the 
combustion. Combustion is induced by the enthalpy 
rise of the gas in or behind the shock wave which is 
dependent only on the speed of the missile, and thus 
it was possible to create over and under driven 
detonations for study. Since the missile and wave 
were viewed through a stationary gas, the observa- 
tions were not influenced by boundary layers and 
tiu-bulence as in experiments on detonation in tubes. 
These advantages permitted observations on the 
spatial structure of detonation waves, which were 



1 Sponsored by the Air Force Office of Scientific Research, U.S. Air Force. 

2 Figures in brackets indicate the literature references at the end of this paper. 



interpreted in terms of the meclianism of reaction of 
hyd rogen with oxygen . Although temperature changes 
would have an important effect, temperature was not 
changed from ambient in these initial experiments. 
Pressure was varied from 20 mm Hg to atmospheric 
to learn of its effects. 

2. Experimental Apparatus 

The apparatus is illustrated in figure 1 and is 
composed of: (a) A gun and range which contains 
the test gas, (b) an electronic time delay ratio 
generator which triggers a sub microsecond light 
source (spark) when the missile is expected at the 
observation station, (c) two electronic nucrosecond 
counters, (d) an optical system to make schlieren or 
shadow pictures of the missile, and (c) auxiliary 
equipment such as pressure gages, vaciuun pumps, 
etc. 

In the experiments to date nylon spheres, 0.785-in. 
diam (19.94 mm), have been mounted in an electric- 
primed case containing a fast burning gun powder. 
This technique of propelling the missile was borrowed 
from Eckerman [3]. Other techniques may be used, 
such as the light gas gun [4]. The missile travels 
through an evacuated range illustrated in the dia- 
gram, and enters the test gas after breaking through 
a thin diaphragm (8). 

Signals from the phototubes and ratio delay gener- 
ator actuate the two time counters, and the measured 
time intervals are used to compute the velocity of the 
missile between light beams and in the test gas. 
The schlieren optical system is illuminated by a 
spark of about 10"^ sec duration, obtained by the 
discharge of a barium titanate capacitor, and in some 
early pictures by light from a flash tube of about 
0.5X10"^ sec duration. These illuminate a piece of 
ground glass adjacent to four razor blades which 
outline a rectangular slit Ke by % in. This is 
used as the light source of the schlieren system. A 
rectangular slit is also used as a schlieren stop to 
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Figure 1. Experimental apparatus. 
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reduce effect of light emitted by combustion. Both 
slits are vertical to measure gradients of index of 
refraction parallel to the horizontal axis of flight. It 
was also found necessary to close the shutter of the 
camera within tenths of a millisecond after taking the 
schlieren picture to further reduce the effect of 
emitted light. The apparatus was used to obtain 
photographs of the missile and the shock and combus- 
tion waves that were generated in the combustible 
gas. 

3. Experimental Results 

All experiments in this report were made in a 
mixture of 30 volume percent of hydrogen in air. 
This mixture was chosen because it may be useful 
in propulsion S3^stems, and because a considerable 
theoretical and experimental background exists on its 
combustion. Preliminary tests were made at pres- 
sures, p, from 0.026 to 1 atm absolute and at Mach 
numbers, M, up to 6.5. These showed that effects 
of combustion on wave shape and position could be 
detected at pressures of 0.1 atm and higher, and for 
a range of M from 4 to 6.5. The upper limit of 6.5 
on M was fixed by the gun and missile, while these 
pressures were selected to partially cover the range 
that might be found in propulsion systems. Since 
results between pressures of 0.5 and 1 atm are 
qualitatively sunilar, this report describes results at 
pressures of 0.1, 0.25, and 0.5 atm. 



M at the observation point was determined from 
two speed measurements and the speed of sound, C, 
where C is 409 m per second in the combustible gas 
and 347 m per second in air, both at 300 °K. It was 
estimated from drag coefficient information on 
spheres, that since the percentage change of velocity 
of the missile in the test gas was less than 5 percent, 
the change of deceleration would be less than 10 
percent. Therefore, the deceleration was assumed 
a constant in the derivation of M at the observation 
point. 

3.1. Photographic Results 

Experimental results are primarily in the form of 
pictures obtained by schlieren photography of the 
region surrounding the missile. These are presented 
in figures 2 and 3. One shadow photograph is pre- 
sented in figure 2b. Schlieren pictures of the missile 
in air, 2a, and in a mixture of nitrogen and hydrogen, 
3a, are also presented for comparison with those in the 
combustible gas. All pictures contain two dark 
heavy lines, one from a horozintal wire (out of focus) 
to help delineate the line of flight, and one from a 
wire perpendicular to the latter to give the position 
of the missile in the test gas. It is evident that in the 
range of M between 4 and 6.5, combustion takes 
place in the shocked gas near the missile, and in many 
instances has an oscillatory or intermittent property. 

At M=4:.3 and 0.5 atm, picture 2b shows a discrete 
region of flame surrounding the sphere. Schlieren 
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pictures of the region behind the sphere at this value 
of M showed discrete regions of burned or burning 
gas spaced about three sphere radii from center to 
center and two sphere radii thick along the axis of 
flight. The regions of combustion overlap at higher 
M, and finally merge to give a continuous flame front 
at M of about 6, as in picture 2e. Only one picture 
at 0. 1 atm is presented, 2f , in which a combustion wave 
is demonstrated between the front of the sphere and 
the shock wave at M=5.0. Other pictures above 
M=5 did not demonstrate combustion waves that 
could be measured. 

When the pressure was 0.25 atm, as in figure 3, 
a dark combustion wave is plainly visible in picture 
3b at M=4.5, and there is evidence of a weak oscil- 
lation in the combustion zone. Amplitude of the 
oscillation became large enough to be plainly demon- 
strated by the photography when ikf was 4.9, picture 
3c, Above M=5 the combustion zone is enclosed 
in a smooth flame front as illustrated in pictures 3d 
to 3f. Picture 3e has additional waves that appar- 
ently emanate from the front surface of the missile. 
Breakage of the missile was troublesome during these 
experiments, and it is possible that a small chip 
caused these waves. 

There are other differences between the results 
that should be explained. First, pictures 2e, 3c, and 
3f were taken using light from the flash tube with 
relatively poor picture quality. Second, the shock 
waves are bright in figure 3 (except 3e) compared to 
the dark waves of figures 2a to 2d. Large positive 
density gradients in the shock at 0.5 atm move the 
image of the light source, to the left as illustrated in 
part (a) of figure 4, to produce a dark wave. A 




IMAGE OF 
LIGHT SOURCE 



NORMAL 
(NO SCHLIERE) 



Figure 4. Image position of light source for various regions 
of the schlieren picture and wave coordinate system. 



smaller density gradient at 0.25 atm gives less move- 
ment, as shown in part (b), and results in a bright 
wave. A negative density gradient in a combustion 
wave would have the effect, as shown in part (c), to 
produce a dark wave. In air, and in some instances 
with the combustible gas a black and white shock 
wave is produced, as illustrated in figures 3e and 4. 
When the slit was replaced by the ordinary knife 
stop all shock waves were bright, as in figure 2e. 
However, the bright wave of figure 2f is a result of 
the low pressure which caused the effect illustrated 
in part (b) of figure 4. In all cases it is evident that 
a substantial part of the total compression in the 
shock wave takes place before combustion (or deton- 
ation) moderates the density rise of the shock wave. 
Picture 3c appears to have three lines radiating from 
the sphere; these lines are the results of imperfections 
present in one of the windows used in early 
experiments. 

3.2. Effect of Combustion on Wave Shape and 
Detachment 

Since combustion can be expected to have an 
appreciable effect on the density of the gas between 
the wave and sphere, it would also be expected that 
combustion would affect the shape and detachment 
of the wave from the sphere. Thus a measure of 
he extent of combustion in the vicinity of the sphere 
may be derived from these quantities. A projector 
was used to enlarge the image on the negatives from 
one-half to 7.64 times actual size, and the image of 
the waves and missile were traced on coordinate 
paper containing ten lines to the inch. Coordinates 
of the leading edge of the waves were read from the 
drawings and plotted to determine their shape. 

It was found that in the immediate vicinity of the 
sphere the shock waves could be represented by 
parabolas, and the combustion waves (at 0.25 atm) 
by ellipses. No attempt was made to measure the 
shape of the combustion waves at 0.5 and 0.1 atm. 
Equations of the waves, in the coordinate system of 
figure 4, are given below: 

(y\ X X 

^l=m^; -^-<0.5 

combustion wave - {^) =^ ( ^ ^ p ^ ) 



|<0.9. 

The constants m and A^ were determined and used to 
specify the shape and detachment of the shock wave, 
while the constants a, b and Ac were determined and 
used to specify the shape and detachment of the 
combustion wave. These quantities are plotted in 
figure 5 for the shock waves at 0.5 and 0.1 atm and 
in figure 6 for both waves at 0.25 atm, all against M. 
Both figures contain results of these measurements 
in air and Eckerman's [3] measurements in oxygen 
which he obtained with an 8mm sphere. His values 
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of As are less than the present results in air, possibly 
because he used a rotating mirror and a fast spark 
to provide a stopped image of the sphere and wave. 

Results from tests with both light sources are 
included in the figures. Spark data on A^ are 
rej)resented by closed circles, and flash tube data by 
c1os(h1 triangles. Smaller values of As result from the 
spark data, perhaps for the same reason that Ecker- 
man's results are smaller than ours in air. Values 
of wave shape m are also differentiated the same wa}^, 
but values of A^ and constant a are not. 

Constant b (not plotted) varied linearly between 
a value of 0.7 at M=4.5 and a value of 0.58 at Af =6.1 
when the spark pictures were evaluated, and was 
about 0.15 smaller at corresponding M when the 
flash tube pictures were evaluated. All data at 0.1 
atm were obtained with the faster spark. 

Inspection of figures 5 and 6 shows that the effect 
of combustion is to move the shock wave away from 
the sphere, and that the effect increases as pressure 
increases. The large effect of pressure, and the 
maximum in the curve of wave detachment, suggest 
that chemical reaction is not complete near the wave 
front. Thus the situation probably can be described 
as a shock wave followed by chemical reaction with 
relaxation time comparable to or larger than the 
time the gas spends near the front of the missile. 
Duff [5] has calculated the progress of the chemical 
reaction behind shock waves, and Bird [6] has out- 
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Figure 5. Effect of Mach number on wave detachment and 
shape for a mixture of 30 volume percent H2 in air at pressures 
of 0.1 and 0.5 atm. 

Shock wave # AH for H2 and air; A for air. 
Combustion waveOD. 



lined a graphical-numerical technique of iiandling the 
equations of motion of the gas between the wave and 
sphere. It is theoretically possible to cond)in(* these 
calculations to derive the shape and (h'tachinent of 
the waves. Alternatively, the measiu'cnl shapc^ and 
detachment nuiy be used to check the validity of tlie 
chemical rate processes. Any computation of this 
kind woukl be long and involved. For the time 
being an estimate of the situation is all that will be 
given. 

Eckerman [3] observed that the shock-detachment 
distance in air varied approximately inversely with 
the density ratio p2/pi across the shock wave, where 
subscript 1 represents the condition before and 2 the 
condition after the wave. This relation was used to 
estimate the wave detachment to be expected in 
these experiments. Therefore, at a given M, wave 
detachment with combustion would be approxi- 
mated by 

P3 

where subscript 3 represents the condition behind 
the detonation wave. Density ratios pi/p2 of adi- 
abatic shock waves in the mixture of air and hydrogen 
were calculated using real gas properties, and cal- 
culated values of pi/pg across detonations at chemical 
equilibrium were given by Eisen and coworkers [7]. 
They showed that an initial pressure change from 
one to 10"^ atm changed the density ratio across 
Chapman-Jouguet detonations by about only 6 
percent. Thus it seemed tliat tlieir calculated 
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values of density ratio across strong detonations at 
1 atm could be used for comparison with results of 
these experiments. These calculated density ratios, 
and observed values of A,, air, gave estimates of 
As for detonations which are plotted as a dashed line 
in figure 5. i^.greement between experiment and 
estimate above M=5.5 indicates the possibility that 
chemical equilibrium was approached near the frort 
of the sphere. However, two experiments at M=5.3 
and 6.0 at a pressure of 1 atm showed an increase of 
about 20 percent in A, over the values at 0.5 atm. 
This indicates that the estimated curve would prob- 
ably be corrected to larger values of A^ by an exact 
fluid-mechanical calculation. Thus, chemical equi- 
librium is probably not reached under any condition 
in these experiments near the front of the missile, 
especially below M about 5.5. 

3.3. Ignition Delay and Chemical Kinetics 

One factor involved in delayed equilibrium is the 
observed delay in ignition behind the shock wave. 
A picture such as figure 3d could be used to determine 
the state of the gas and the time spent between 
shock and combustion waves along any selected 
streamline through fluid-mechanical calculations as 
outlined in reference [6;. Comparison of the time 
intervals and the state of the gas for different 
streamlines might furnish information on the factors 
that control the onset of combustion. In this report 
we use the observed separation between shock and 
combustion waves to estimate the state of the gas 
and the ignition delay time, t, on the central stream- 
line (axis of flight) . 

The time spent by the gas between the shock wave 
and X is 

where T^ is velocity on the central streamline, and x 
is defined as in figure 4. Bird [6] stated that the 
velocity decay to zero at the sphere is approximately 
linear. If it is also assumed that the flow between 
waves is the same as that behind a shock wave of the 
same Mach number and shape without subsequent 
combustion, velocity 1" is given by the equation 



V=V2 1 



^ ^alr \ 
As, air m / 



V2 is the velocity behind the shock in the real com- 
bustible mixture, and m is the shape of the shock 
wave and is proportional to the radius of curvature 
at the origin. Insertion in the integral and integra- 
tion from zero to x^^A^— A^ gives 
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Values of As, A^, As, air and m were taken from figures 
5 and 6, and calculated values of r, which is con- 
sidered an ignition delay, are plotted in figure 7. 
Spark data only are used here since it is considered 
more accurate than the '^slower'' flash tube data. 



Ignition delays cover a range of zero to 10 /zsec. 
Curves in the figure are derived from a correlation 
to be described. Portions of the curves are dotted 
to indicate extrapolations. 

An attempt was made to explain these ignition 
delays through considerations of chemical kinetics, 
and to compare the results with those of other 
research workers. Lewis and von Elbe [8], Schott 
and Kinsey [9], and Duff [5] have discussed the 
kinetics of the hydrogen-oxygen reaction. Their 
explanation of the factors that are involved in the 
initial stage of the reaction is used. Five important 
reactions, and their contribution to the rate of forma- 
tion of the hydrogen atom, are listed below : 



(0) H2+I =2H + I 


[Hl„ 


= 2WH2][I] 


(1) H + O2 =0H + 


1 . 




(2) O+H2 =OH + H 


[H],- 


3 = 2fc,[H][02] 


(3) OH + H2 =H20 + H 




(4) H + 02 + I = H02 + I 


[H]4 


= -fc4[H][02][I] 



Inert species are indicated by I, concentrations are 
indicated by brackets, and t's are rates of reaction. 
Ileactions~(2) and (3) are considered very fast com- 
pared to the others, and their effect is to form three 
hydrogen atoms for every one consumed by (1). 
Total rate of formation of [H] is the sum of the 
three rate equations, if it is assumed that there is no 
reverse reaction of any significance during the induc- 
tion period. The temperature behind the shock 
wave, T2, and therefore k, as well as the concentra- 
tions of II2, I, O2, are probably unchanged during the 
induction period. Therefore the rate equation can 
be integrated to give 



In 



[HI 



[Hh 



-2^J02] 1 



2h 



')'- 



Although the particular chain initiation reaction 
chosen is open to question, other plausible reactions 
essentially would modify only the denominator of 
the left side of the above equation. 

Schott and Kinsey [9] tested a part of the above 
equation over a range of time intervals from 5 to 500 
/xsec for combustion behind incident and reflected 
shock waves in tubes. A straight line was obtained 
when ln[02] r was plotted against T2~^, where T2~^ is 
proportional to In ki. This implies that the ratio of 
[H] is always the same at ignition, when ^=r, or that 
changes of In In ([H]/[H]^=o) were not significant over 
the range of the experiments. Their intervals were 
measured to the appearance of the OH radical. 
Strehlow [10] measured ignition delays behind re- 
flected shocks in tubes over a range of 12 to 880 jitsec. 
His time intervals were from 20 to 100 percent larger 
than those observed by [9], possibly for the reason 
that ignition is that much later than the appearance 
of OH. Both omitted the effect of reaction (4) in 
their correlation, possibly due to the low pressures of 
their experiments. 

Ignition delays presented in figure 7 are plotted in 
figure 8 using the correlation given by the above 
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equation. [O2] Avas calculated from ^2 and T2 iin- 
iiumI lately beliind the shock front in the real combus- 
tible^ pis. The temperature rises by about two per- 
cent and ])ressure by about 15 percent between the 
shock and combustible waves. Therefore the error 
is less than 15 percent when shock pressure and tem- 
perature are used. Information is presented by [8] 
on the rates of reactions (1) and (4) which can be 
used to derive the effect of reaction (4). For these 
experiments it is given by 
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Effect of Mach number on ignition delay behind 
the shock wave. 
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where 8,570 °K is the activation temperature of re- 
action (1), and the constant 0.05 °K atm~Ms one- 
quarter of that derived from tlie information of [8] 
for this combustible mixture. Since our data are 
not comprehensive enough to fix the activation tem- 
perature, the constant 0.05 was used in order that 
the data would give an activation temperature of 
8,570 °K. This Hes between that of 8,300 °K given 
by [10] and 8,800 °K given by [9J. Inclusion of the 
effect of reaction (4) in this manner modified only 
the time results of experiments at 0.5 atm, in which 
the pressure was liigli enough and temperature low 
enough for reaction (4) to be significant. 
The eciuation of the hue in figure 8 is 

001 h^^ fi i^n^P^ 8570"]\ 8570 ._^^ 
2.3logK)(^[02| T l-O.O.) ij, ex|) 2V^Jj=^Fr 23.49. 

Since the vahu^s of [()2]r are only 10 to 20 percent 
larger- than those given by [10], it appears tliat this 
method of correlating ignition (h4ay is vaHd over a 
range of time from about 10'^ to about 1 /xsec. Curves 
in figure 7 were derived from tlie above equation, and 
it appears that these experiments have permitted 
observation of ignition delay behind sliock waves 
with a time resoUition of about a microstM'oncL 

3.4. Combustion Oscillations and Drag Coefficient 

Many of the j)ictures of figures 2 and 3 exhibit 
osciUations that are driven by combustion, and in 
one case (picture 2b) an intermittent combustion as 
(hMuonstrated. At this Mach number- of 4.3 and 
pressure of 0.5 atm, the data on A., and m show large 
variations, which suggests that the oscillations orig- 
inate at the front of the sphere. These oscillations 
may contribute to the scatter of the data on ignition 
delay described in the previous section, since some of 
the data were taken from i)ictures showing oscilla- 
tions. It is hkely that oscillations will appear in 
applications of hypersonic coin bust ion as it does in 
most other forms of combustion. 

h\ pictures 3b and 3c, tlu^ oscillation appears as a 
regular wave motion, probabh' originating in the 
region ahead of the sphere. Longitudinal oscillations 
in rocket motors also exhibit this characteristic. 
They can be described approximately as an acoustic 
oscillation in a tube witli both ends closed, since 
expansion waves cannot be reflected upstream against 
the sonic flow in the throat of the nozzle [11]. If 
longitudinal osciUations between the sphere and wave 
front contribute to the observed oscillation, it would 
be expected that they would be comparable to those 
in a tube with one end open, since in this case expan- 
sion waves may be reflected from the shock front. 
The period of acoustic oscillation, r', would be given 
bv 

^ ~~nC\ 
where Cv is the velocity of sound between the wave 
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and sphere. In picture 3c the velocity of sound 
would be between (S90 and 1,130 m per second. These 
values are those behind an adiabatic shock wave at 
M=4.9, and behind a detonation at M=4.8 at 
chemical equilibrium, respectivel}^ The latter value 
was computed by [7]. Using these values and a 
value of 0.24/i^ for Ag gives a period between 8 and 
11 X 10~^ sec for the fundamental oscillation (n=l). 
This period is, and probably should be, larger than 
the ignition delay of 2 /isec at this Mach number of 
4.9. An accurate analysis of the motion probably 
would need to take account of a three-dimensional 
propagation of waves of finite amplitude with a 
periodicity in the rate of heat release. 

Since deceleration of the missile was computed to 
determine M at the observation point, the drag 
coefficient, Cd, was also evaluated in each test. Over 
a period of many tests it became apparent that the 
time measurements were not reproducible enough to 
give consistent results. Od is derived from a small 
difference between two large velocities, and an error 
of several microseconds would have a large effect on 
the difference, but not on the absolute velocity. 
Since Cd was unusually small in the first test at 
ikf=4.3, pressure 0.5 atm, a series of eight tests was 
made to attempt a tentative evaluation of the effect 
of combustion on the drag coefficient. It was hoped 
that the system would be reproducible in this short 
interval of eight tests. At these conditions picture 
2b demonstrates intermittent combustion. A rapid 
lateral expansion of the burning gas at the rear half 
of the sphere is also evident. This ma}^ have delayed 
the separation of the flow from the rear surface, 
thereby causing the unusuall}^ small value of the drag 
coefficient. 

Four tests at a Mach number of 4.6 showed tfiat 
the drag coefficient of the missile in air was 0.8 ±0.1, 
which compares well with results of about 0.9 given 
by measurements in wind tunnels. Uncertainty of 
0.1 in the drag coefficient corresponds to an uncer- 
tainty of about 3 /isec in the time measurements. 
Drag coefficient changes very slowly with M in this 
range, and this value of Cd can be compared with 
results in the combustible gas at M=4.3. One test 
before, and three immediately after the tests in air, 
all at M=4.3, gave 0.4ib0.3 in the combustible gas. 
Since there was no known change in the character- 
istics of the measurement system, the larger uncer- 
tainty in the combustible gas may have been caused 
by variations in the characteristics of the combustion 
process. Detachment of the shock wave from the 
sphere was only slightly larger than that in air, and 
it seems unlikely that reduced pressure on the front 
of the sphere caused the reduction of Cd- Hence 
the tentative conclusion may be drawn that the 
pressure on the rear of the sphere was increased. It 
was estimated that a time average value of Qp over 
the rear of the sphere would be needed to reduce the 
drag coefficient by the observed one-half. Pressure 
on the rear of the sphere in air was estimated to be 
Q.3p. A missile with a turning angle less than that 
of the rear of the sphere would probably respond even 
more favorably to this effect and perhaps a net 
thrust would be realized. Although this effect on 



the drag coefficient appeared when combustion was 
intermittent, it is not necessarily dependent on the 
intermittent character of the combustion. 

4. Conclusion 

It is concluded that observation of a hypervelocity 
missile is a technique which may be used to study 
some of the problems of stabilizing hypersonic com- 
bustion. Combustion waves are observed in some 
instances to follow the shock wave generated by the 
missile. The spatial separation was converted to 
ignition delay times, which were between about 1 
and 10 fjLsec. These were about one order of magni- 
tude smaller than previously observed by experiments 
in shock tubes. Satisfactory agreement between 
these and observations in shock tubes was obtained 
through chemical-kinetic theory. Thus it is con- 
cluded that the method ma}^ be used to determine 
some of the properties of detonation waves. As in 
most all applications of combustion, oscillations 
driven by combustion are demonstrated under some 
conditions. A possible large reduction of the drag 
coefficient of the missile was noted in one case of 
intermittent combustion in which the combustion ^ 
may have delayed separation of the flow from the 
rear surface of the missile. Fluid-mechanical cal- 
culations will be used to extend the information 
derived from this technique. 
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